rons, but preplate neurons continue to be generated and may include the descendants of roof plate cells. strated a dorsal telencephalic patterning defect that involved an enlarged cortical hem and a missing or dramatically reduced hippocampus and neocortex, alResults though the precise fate of presumptive cortical VZ progenitors that normally express Lhx2 remained unclear.
Complementary Expression of Gdf7 and Lhx2 in the Roof Plate and Cortex Here we provide evidence for a roof plate-Lhx2 pathway that is involved in cortical patterning. The roof plateIn order to begin addressing roof plate function in the telencephalon, we used a mouse line (Lee et al., 2000a) specific Gdf7 locus is used to ablate the roof plate and demonstrate that roof signals regulate Lhx2 expression to demonstrate the expression of Gdf7, a Bmp-related signaling molecule (Lee et al., 1998), in the telencephalic and cortical size. Roof plate regulation of Lhx2 expression, as suggested by the ablation studies, can be mimroof plate. This mouse line expresses Cre recombinase from the Gdf7 gene locus, and X-gal-stained embryos icked in vitro using Bmp4 or Bmp2, implicating Bmp signals as mediators of the roof plate-Lhx2 pathway.
from matings between these Gdf7-Cre mice and a conditional lacZ reporter strain (Jackson Laboratories) (SoriWe then describe three additional aspects of the Lhx2 Ϫ/Ϫ patterning defect. First, we demonstrate that the patano, 1999) demonstrated continuous lacZ expression in the roof plate at all levels of the nervous system, includterning defect involves a massive excess of choroid plexus. Second, we identify the presumptive cortical VZ ing the telencephalon ( Figures 1B-1D ). In the telencephalon, X-gal staining was detected at embryonic day 10.5 progenitors by their expression of the mutant Lhx2 allele and provide evidence that Lhx2 is required to "select" (E10.5) ( Figure 1B ) in the midline roof (lamina terminalis/ choroid plaque region) and adjacent cortical hem (data limbs appeared unaffected ( Figure 2A ). Thus, ablation of Gdf7-expressing cells resulted in reduced and lessnot shown), a pattern seen more clearly at E12.5 ( Figures  1C-1G ). LacZ expression was detected throughout the graded Lhx2 expression, which was associated with a reduced cortical size. entire dorsal midline region that included the choroid plexus epithelium and cortical hem, but only in a small
In addition to its effects on Lhx2 expression in the cortex, roof plate ablation resulted in a reduction of the fraction of cells (Figures 1E-1G) . Outside of the dorsal midline region, low-level lacZ expression was detected Lhx2-negative domain at the dorsal midline. Although Gdf7 activation was limited to only a fraction of cells in in dorsal surface ectoderm overlying the forebrain at E12.5 (data not shown), but other forebrain sites of exthe choroid plexus and cortical hem ( Figures 1E-1G) , expression of Lhx2 extended close to the free ends of pression were not identified. These studies indicated that, by E12.5, activation of Gdf7 expression in the telenresidual telencephalic neuroepithelium following Gdf7-mediated ablation ( Figures 2G and 2H) , indicating a sigcephalon was largely restricted to roof plate cells.
In contrast to Gdf7, Lhx2 mRNA was expressed nficant reduction in the amount of Lhx2-negative tissue at the dorsal midline. This reduction was accompanied throughout the cortex, but not in the dorsal midline region at E12.5 ( Figures 1H and 1I ). The distribution of by a lack of monolayered choroid plexus epithelium histologically ( Figure 2I ), and little to no expression of the Lhx2 at the mRNA level was also seen at the protein level ( Figures 1J and 1K Figure 2G ). However, Lhx2 expression levels in the corti-( Figure 3N ), suggesting that exogenous Bmp4 can supplement endogenous signals to suppress Lhx2 exprescal neuroepithelium were significantly reduced in roof plate-ablated embryos (Figures 2A) and the normal sion at the dorsal midline. However, at some distance away from the Bmp4 bead and adjacent to the zone graded pattern of Lhx2 expression was no longer apparent (Figures 2A and 2G) , while Lhx2 expression in the of suppression, there was a zone of enhanced Lhx2 Since Lhx2 regulation by roof plate-derived Bmps provides a potential pathway for regulating dorsal telence-1996) had no apparent effect ( Figures 3K and 3O Figures 1H-1K) , and the roepithelium in the Lhx2 Ϫ/Ϫ dorsal telencephalon was markedly reduced and present laterally. In addition to Lhx2-negative dorsal midline domain was markedly reduced following roof plate ablation (Figures 2G-I Figures 5N and 5O) . In addition to Nestin and RC2, The Lhx2 Ϫ/Ϫ dorsal telencephalon therefore appeared to contain preplate neurons, but few if any cortical plate Foxg1 (Bf1) was expressed at low but detectable levels in the lateral remant, but not in the excessive cortical neurons. hem ( Figures 5C and 5I cortical hem VZ of Lhx2 mutants at E12.5 ( Figure 6E) expressing cells in the superficial cortex were subpial in location and occasionally possessed horizontally oriand to a lesser extent at E14.5 (data not shown). Since the cortical VZ and subcortical progenitor zones in ented processes ( Figure 7E ). At E14.5, X-gal-stained superficial cells were more numerous ( Figure 7D ), and at Lhx2 Ϫ/Ϫ embryos are unlikely to be the source of these neurons, they are most likely generated directly by proleast some showed coexpression of the neuronal marker TuJ1 ( Figure 7F ). Rare lacZ-expressing cells in the VZ genitor cells of the cortical hem.
VZ (

ISH (A-K) and immunostaining (L-O) of E12.5 coronal cryosections from Lhx2 homozygous null (top and bottom rows) and normal littermates (middle row). Images within a vertical pair represent comparable rostrocaudal levels. (I) is a higher power view of (C). (A and E) The suspected excess of choroid plexus in Lhx2 Ϫ/Ϫ embryos is confirmed (A) using the choroid plexus-specific marker transthyretin (Ttr) (E). (B and F) The hem-specific marker Wnt2b (F) also reveals a dramatic excess of the cortical hem in
Unexpectedly, fate mapping of the Gdf7-expressing were also detected outside the dorsal midline region at E14.5, including in the neocortical VZ (data not shown), cells also identified the dorsal midline region as a potential source of cortical neurons. At E12.5, lacZ expression which complicated the E14.5 analysis. Nonetheless, since Gdf7 activation in neuroepithelial cells at E12.5 within the VZ was tightly restricted to the dorsal midline region ( Figures 7A and 7B) , with no X-gal staining deremained tightly restricted to the dorsal midline region, these findings suggest that some cortical marginal zone tected in the cortical VZ of multiple serially sectioned embryos (data not shown). In association with dorsal neurons are the descendants of Gdf7-expressing neuroepithelial cells of the dorsal midline region, which implimidline cells, however, lacZ expression was also detected in superficial cells of the cortical preplate and cates the dorsal midline as a potential additional source of cortical neurons. marginal zone (Figures 7A-7C) . At E12.5, these superficial cells were most often found in the hippocampal region ( Figures 7A and 7B) and occasionally in the Discussion nearby neocortex (Figure 7C ), and were usually associated with heavily stained neuroepithelial cells in the dorIn this report, we provide evidence that roof plate signals regulate the expression of an essential cortical transal midline region (Figures 7A and 7B) . Almost all lacZ- Figure  3) . Like the Bmp-mediated suppression, Bmp-mediated enhancement of Lhx2 corresponds well to both the normal expression and roof plate ablation studies, since cortical Lhx2 levels are normally highest in the region immediately adjacent to the Bmp-rich dorsal midline ( Figures 1H and 1J ) and roof plate ablation leads to reduced levels of cortical Lhx2 (Figures 2A and 2G ). Interestingly, previous explant studies suggested that Bmp4 or Bmp2 beads suppress Foxg1/Bf1 expression, 1H-1K) is markedly reduced an effect that we have yet to observe (data not shown). following roof plate ablation (Figures 2G and 2H) . Loss of Thus, the second possibility is a relay or cascade mechLhx2 suppression is accompanied by losses of choroid anism, in which Bmps from the dorsal midline act at plexus epithelium and cortical hem ( Figures 2E, 2F , and short range to induce a second signaling center, such 2I), whereas loss of Lhx2 function promotes a massive as the cortical hem (Grove et al., 1998), which then enexcess of these epithelia (Figures 4-5) . This raises the hances Lhx2 expression in the neighboring cortex (Figpossibility that (Figures 2A and 2D ). This suggests that the cortical reduction is a non-cell-autonomous consequence loss of Lhx2 suppression following roof plate ablation (Figures 2G and 2H) (Figures 2A and 2F) .
provide evidence for a similar distribution of Lhx2 proGdf7-expressing roof plate cells may also have a spetein ( Figure 1J ), the absence of Lhx2 from the dorsal cific role in forming the telencephalic choroid plexus midline region (Figures 1H-1K (Figures 5J and 5K) . Lateral also fails to form properly following Gdf7-mediated ablaremnant cells appear to be normally specified as telention ( Figure 2G ), presumably due to direct expression cephalic progenitor cells, since they express high levels of Gdf7 in this tissue (data not shown), we cannot exof Nestin and RC2 ( Figures 5L and 5M ) and low but clude the possibility that the dorsal surface ectoderm detectable levels of Foxg1/Bf1 ( Figure 5I ). They also has important signaling properties during early developseem to show normal expression of the dorsal marker ment. The third possibility is that the roof plate may not Ngn2, but fail to express genes that identify more medial be critical at all for inducing the cortex, but may only (EphB1 and Lmo2) or more lateral (Scip and Lmo3) cortical VZ fields (Bulchand et al., 2001 ). Lhx2 Ϫ/Ϫ lateral remhave a role in its expansion. nant cells therefore appear to possess a normal dorsal of lacZ-expressing marginal zone cells in these studies is consistent with the small fraction of dorsal midline telencephalic progenitor identity, but fail to become specified into bona fide cortical VZ progenitor cells. cells that activate Gdf7 expression (Figures 1E-1G) . Correspondingly, this paucity almost certainly underestiTaken together, these studies suggest that Lhx2 is required for the establishment of a cortical VZ progenitor mates the number of cortical cells that may be derived from the dorsal midline region. fate and that Lhx2 specifically functions to "select" this fate from already-specified dorsal telencephalic progenAlthough a dorsal midline source of neurons has not been previously described for the cortex, potential doritors. The data provide evidence for a hierarchy of specification events in which neural (Nestin and RC2), telencesal midline origins for neurons in the midbrain, hindbrain, and spinal cord have been previously described (Dyphalic (Foxg1/Bf1) and dorsal (Ngn2) partments in the embryonic primate cerebral cortex. Cereb. Cortex 9, 586-600.
